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Creation of semi-insulating layers in SiC is highly desirable for high voltage
device fabrication. Specifically PiN diodes can be fabricated with a compensated
semi-insulating layer that would be capable of blocking a large reverse voltage. Semiinsulating (SI) behavior in SiC has been traditionally achieved via passivation of
shallow dopants with vanadium-related deep levels. Degraded electrical properties of
SiC devices result from the use of vanadium compensated SiC because unintentional
formation of additional defects due to vanadium segregation and stress generation in
the material occur. In this work, the possibility of low doped or SI epilayers via
engineering of the boron related defects in SiC is investigated. High temperature
treatment (up to 2000°C) of boron doped samples is used to stimulate boron diffusion
and formation of deep boron centers in concentration sufficient for compensation of
shallow dopants, without simultaneous formation of undesirable shallow boron levels.
High temperature annealing of both epitaxial layers in-situ doped with boron and

boron implanted 4H-SiC is investigated. The possibility of diffusion from highly
boron doped substrate is also investigated. The diffusion profiles are modeled and the
diffusion coefficients extracted to give information about diffusion mechanisms. The
boron D-center was observed using photoluminescence (PL) after high temperature
annealing of the implanted samples. Clear temperature dependence of the creation of
the D-center was observed. Compensated material was revealed after an Inductively
Coupled Plasma (ICP) etch on an epi-over grown sample.
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CHAPTER I
INTRODUCTION

Silicon carbide (SiC) is a very promising material in semiconductor
technology. SiC is a wide band gap semiconductor that possesses extremely high
thermal, chemical, and mechanical stability. As a consequence, SiC devices can
perform under high-temperature, high-power, and/or high-radiation conditions in
which conventional (i.e. narrow band gap) semiconductors cannot adequately
perform. Its ability to function under such extreme conditions is expected to enable
significant improvements to a far ranging variety of applications and systems. SiC
power devices have improved high-voltage switching characteristics compared with
conventional semiconductors like Silicon (Si) and Gallium Arsenide (GaAs). As a
comparably new material, many of its properties are not completely understood.
Much of the current research in this field is involved in understanding the basic
characteristics and in developing processing steps for device fabrication.
1.1 Historical Overview
SiC was first observed in 1824 by Jacob Berzelius. The properties and
potential of the material were not understood at that time. Eugene Acheson
introduced the growth of polycrystalline SiC with an electric smelting furnace in
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1891. He was also the first to recognize it as a silicide of carbon and gave it the
chemical formula SiC. Later on, he used carbon and sand in a melting process that is
still used today in an improved way known as the Acheson method. In 1955, Jan
Antony Lely proposed a new method for growing high quality crystals. The interest in
SiC as an electronic material began to increase slowly from this point on. In 1978, a
modified Lely process was developed to grow seeded SiC crystals. This breakthrough
led to the possibility for true bulk crystal growth. In 1987, Cree Research Inc., the
first commercial supplier of SiC substrates, was founded. In the 1990s, the
semiconductor industry concentrated strongly on the realization of unipolar devices in
SiC, especially Schottky diodes. Since then, device fabrication in SiC is rapidly
growing. This growth is mainly due to the increased application in power electronics.
Today many types of devices, such as blue LED’s, MOSFET’s, MESFET’s, Schottky
barrier diodes, bipolar transistors, thyristors, and temperature sensors are possible.

1.2 Properties and Applications
SiC belongs to a class of materials commonly referred to as wide-bandgap
semiconductors. The energy gap between the valence and conduction band is much
larger than in other semiconductors like silicon. This energy gap lowers the
probability of thermally excited electrons being excited across the bandgap.
Therefore, SiC devices can operate at temperatures exceeding 500°C. The thermal
conductivity of SiC is larger than that of other semiconductors, thus the heat
generated by these devices is efficiently removed. Also, its saturated electron drift
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velocity is double than that of Si, resulting in much faster turn-off and higher
switching speeds in devices. SiC has many other physical properties, such as being
chemically inert and extremely radiation hard that make it ideal for use in many
hostile environments like nuclear reactors and outer space. Table 1.1 illustrates the
differences between SiC and other semiconductor materials.
Table 1.1
PROPERTIES OF COMMON SEMICONDUCTORS

Si

GaAs

6H-SiC

4H-SiC

3C-SiC

Bandgap [eV]

1.12

1.43

3.10

3.26

2.33

Break down electric
field [V/cm] @1000V

2.5×105

3×105

2.5×106

2.2×106

2.0×106

1.5

0.5

4.9

4.9

4.9

1.0×107

1.0×107

2.0×107

2.0×107

2.5×107

Thermal conductivity
[Wcm-1·K-1] @ RT
Electron drift velocity
[cm/s]

The above properties make SiC suitable for various applications such as in
electric power distribution, electric vehicles, more powerful solid state microwave
sources for radar and communications, sensors and controls for cleaner burning and
more fuel-efficient jet aircraft and automobile engines. A change of technology from
silicon to silicon carbide will revolutionize many power electronics applications.
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1.3 Crystal structure and polytypes
Silicon carbide has a tetrahedral structure. Each carbon atom is linked to four
silicon atoms and vice-versa. Crystals can have many different structures; the most
common are cubic and hexagonal. Figure 1.1 shows how the orientations decide the
final structure.

Figure 1.1: Crystal Structure of SiC
SiC exhibits a phenomenon called polytypism, the ability of a material to exist
in more than one crystal structure. The polytypes differ just in the stacking sequence
of atomic layers forming the crystal. Over 200 polytypes of SiC are known at present.
Three basic orientations are possible in a hexagonal layer; these orientations are
termed A, B and C. The number of layers after which the stacking repeats determines
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the number of the polytype. Also, the crystal structure gives the suffix alphabet i.e. C
for cubic and H for Hexagonal. For example, the polytype with the stacking sequence
ABAB is named 2H, the one with the sequence ABCABC is named 3C, the one with
the sequence ABCBABCB is named 4H, the sequence ABCACBABCACB is named
6H, and so on. Figure 1.2 shows examples.

Figure 1.2: Polytypes in SiC
The most commonly used polytypes are 3C, 4H and 6H. Different polytypes
can be grown by using different growth conditions. It has been demonstrated that
formation of various polytypes is dependent on their surface energies and their
growth conditions [1] like substrate temperature, Si/C ratio and C-flux. The cubic 3C
polytype is found to be preferred under conditions of high supersaturation or high
Si/C ratio, whereas the 4H is more favored at low supersaturation and more carbon
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rich conditions. 6H-SiC growth occurs somewhere in the middle of the above two
conditions. Also, the C-face has a stronger relaxation than the Si-face that results in
the preferential growth of 4H on the C-face under a wider range of growth conditions.
Also 3C nucleation occurs preferentially on the Si-face. Temperature also plays an
important role in favoring the polytypes. At higher temperatures, there is a higher
probability of growth of the hexagonal polytypes. By changing the various growth
parameters, different polytypes can be grown.

1.4 Thesis Scope and Organization
This thesis focuses on the creation of compensated epitaxial layers in SiC.
Creation of semi-insulating layers in SiC is highly desirable for high voltage device
fabrication. Specifically PiN diodes can be fabricated with a compensated semiinsulating layer. Such a structure would be capable of blocking a large reverse
voltage. Compensation can be achieved by pinning of the Fermi level to a deep level
by a deep impurity level. This impurity level causes a large reduction in the free
carrier concentration in the material. Traditionally, vanadium has been used to
achieve semi-insulating behavior. An alternative to vanadium is boron, which has two
energy levels. This work attempts to preferentially create the boron deep level instead
of the more common shallow level. Boron diffusion in epitaxially doped layers and
from the substrate has been observed. This work tries to create this deep level by
boron implantation and subsequent steps of annealing and diffusion. An epitaxial
layer has been grown on an implanted sample to observe the diffusion into the
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epitaxial layer during growth. The samples have been etched to study the material
properties at various depths.
The organization of this thesis is as follows. The following sections describe
the theory behind various types of energy levels in the bandgap, the desired semiinsulating behavior giving examples of the compensating nature of the vanadium and
boron deep levels. Chapter 2 describes the various techniques used in this work, like
implantation, annealing and diffusion. It also gives the diffusion models that are
observed in this work. Chapter 3 describes the different experimental setups used in
this research. They include the low-pressure hot wall reactor used for epitaxial growth
and annealing and reactive ion etching (RIE) system for etching. Also described are
the various characterization devices and techniques like the mercury probe,
photoluminescence and Fourier transform infrared reflectance (FTIR) spectroscopy.
Chapter 4 describes the various experiments performed and discussion of the results.
Chapter 5 contains the conclusions and future work.

1.5 Semi-insulating Behavior
A semiconductor material can be called semi-insulating if it has very
high resistivity. This high resistivity can be possible only if there are very few free
carriers (holes or electrons). Semi-insulating layers are very desirable for high voltage
applications. This desirability is because a semi-insulating layer has a very large
voltage blocking ability due to its high resistivity. In SiC, this property can be
combined with its inherent properties to make very good high voltage devices.
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Theoretically, it is possible to make a material semi-insulating just by making it
extremely pure. This reduces the free carriers and hence increases the resistivity of
the material. However, it is not practicable to achieve such high purity. In epitaxial
growth there is always some unintentional background impurity that is incorporated
into the layers. Alternate methods need to be explored to achieve this semi-insulating
behavior. One way of doing this is achieving compensation of the free carriers by a
deep energy level. The following section explains the concept of energy levels in the
bandgap.

1.6 Energy levels in the bandgap
Understanding energy levels in the bandgap requires an understanding of a
few properties of electrons. First of all, electrons carry a single electronic charge and
have a spin of 1/2. They obey the Pauli exclusion principle, which states that no two
electrons can occupy the same quantum state described by a complete set of quantum
numbers. Each quantum state has a specific energy associated with it. These energies
are obtained as possible eigenvalues of Schrödinger's equation. The eigenvalues are
the only possible values that can be obtained when the energy of a system of particles
is measured. At absolute zero temperature, the particles simply occupy the lowest
possible energy (or state with the lowest energy). Since only one electron can occupy
a specific state, the next electron will occupy the next state that can have the same or
a higher energy. Solids have a very large number of particles and possible energy
levels. Therefore, groups of energy levels or energy bands are considered rather than
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individual energies. Semiconductors are characterized by the gap between the highest
"almost-filled" band and the lowest "almost-empty" band. This is called the bandgap
and decides the various properties of semiconductors. Depending on the gap and the
state of the energy bands, materials can be classified into metals, semiconductors and
insulators. Figure 1.3 shows the various possibilities.

Figure 1.3: Different types of bandgaps (After Ref [20])
A half-filled band is shown in (a). This situation occurs in materials consisting
of atoms that contain only one valence electron each. Many highly conducting metals
satisfy this condition. Materials consisting of atoms that contain two valence electrons
can still be highly conductive provided that the resulting filled band overlaps with an
empty band. This scenario is shown in (b). No conduction is expected for scenario (d)
where a completely filled band is separated from the next higher empty band by a
larger energy gap. Such materials behave as insulators. Finally, scenario (c) depicts
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the situation in a semiconductor. The completely filled band is now close to the next
higher empty band so that electrons can make it into the next higher band yielding an
almost full band below an almost empty band. The almost full band is called the
valence band since it is occupied by valence electrons and the almost empty band is
called the conduction band, as electrons are free to move in this band and contribute
to the conduction of the material. Figure 1.4 shows the bandgap of a semiconductor in
detail.

Figure 1.4: Energy bandgap of semiconductor (After Ref [20])
Figure 1.4 shows the almost-empty conduction band simply by a line
that indicates the bottom of the conduction band and is labeled Ec. Similarly the top
of the valence band is indicated with a line labeled Ev. The energy band gap is
between the two lines that are separated by the bandgap energy Eg. In pure or intrinsic
semiconductors there are no energy levels in the bandgap. Impurities can be added in
a controlled way to introduce levels in the bandgap and change the electrical
properties of the semiconductor. This process is called doping and is done to

11

introduce free carriers into the semiconductor. The generation of free carriers requires
not only that impurities are present, but also that the impurities give off electrons to
the conduction band in which case they are called donors. If they holes are emitted to
the valence band, they are called acceptors (since they effectively accept an electron
from the filled valence band). Figure 1.5 shows donor and acceptor levels.

Figure 1.5: Shallow donor and acceptor levels
There are two types of energy levels – shallow and deep. Shallow level
impurities are impurities, which require little energy (around kT) to ionize. Deep
impurities require energies much larger than the thermal energy to ionize so that only
a fraction of the impurities present in the semiconductor contribute to free carriers.
Deep impurities, which are more than five times the thermal energy away from either
band edge, ionize very slowly. Such impurities can be effective recombination
centers, in which electrons and holes fall and annihilate each other. Such deep
impurities can also capture or trap free carriers and hence are also called traps. They
can also cause the Fermi level to get pinned to their deep energy level, causing
compensation. The Fermi level determines which levels are ionized. Above the Fermi
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level, the energy levels are generally ionized, and below it, they are generally filled
with electrons. It is these deep levels that are very important in this work as they can
be used to create compensated materials.
In silicon carbide the three most common polytypes are 3C, 4H and 6H.
Figure 1.6 shows the different energy levels reported in 3C-SiC, 4H-SiC and 6H-SiC.
The boron levels in the 4H SiC are of importance in this work. Boron has two energy
levels – a shallow level at 0.3 eV and a deeper one at around 0.54-0.7 eV. This deep
level, if preferentially created over the shallower level, can be used to create desirable
compensation effects. This compensating effect is explained in the next section.

Figure 1.6: Energy levels in 3C-SiC, 4H-SiC and 6H-SiC (After Ref [22])
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1.7 Compensating effect of the Boron deep level
Semi-insulating epitaxial layers can be created by a mechanism called
compensation. This mechanism involves a deep impurity level donating electrons or
holes to shallow levels. The deep level can be created using a suitable dopant
impurity. Traditionally, vanadium is used to create semi-insulating layers. However,
boron diffusion can also be used to make highly compensated regions in devices to
work without breaking down under large reverse bias voltages. Using boron
diffusion, p+nn+ devices have been demonstrated to have a reverse breakdown voltage
of 760V, compared to 120V for the one not diffused [10]. The compensation is
achieved by the deep level (also called the D-center) caused by boron. This
compensation captures the free electrons, and this capture causes a depletion of the
charge carriers. Figure 1.7 shows the compensation mechanism caused by vanadium
in SiC. The vanadium deep level acts as a donor and donates its electrons to the
shallow boron level. This compensates the shallow boron level. If the amount of
vanadium deep levels is greater than the shallow boron levels, then there are excess
donors at the deep level and the Fermi level gets pinned at this deep vanadium level.
The mechanism shown in Figure 1.7 is generally true of any compensation
mechanism. If the compensating species is an acceptor, like the boron deep level, then
it accepts electrons from a shallow donor level like nitrogen and causes the same
effect. However, to achieve this compensation effect the number of the boron deep
levels should be greater than the shallow levels of boron.
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Figure 1.7: Compensation mechanism of Boron Deep level in SiC (After Ref [21])

The present effort is to create these deep levels instead of the boron shallow
level. Boron, as an impurity, forms two levels in the bandgap. One is a shallow level
at Ev+0.3ev and the other at a deeper level. The exact position of this level is still
under debate. Different measurements give different results, ranging from Ev+0.58ev
to Ev+0.73ev. This center is called the D-Center and acts as a very efficient hole
trapping center. The D-center is believed to be a complex formed by a boron atom
and a carbon vacancy. Also, it is believed that the D-center is formed if the boron
atom occupies the carbon lattice site [11]. In order to form the D-center, Si can be
implanted with Boron to create an excess of Si [12]. When annealing is done the
boron occupies the C site. Alternately, the D-center can also be formed by site
competition epitaxy [12]. Here, while growing the epilayer, the C/Si ratio is
maintained at a low value so that the boron is incorporated into the C lattice site.
Also, the formation of the D-center is observed only after annealing at high
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temperatures of around 1700oC [13]. At lower temperatures of about 1200oC, the Dcenter is not formed at all [13]. Studies also show that the D-center is preferred as the
epi growth rate is increased [14]. It has also been reported that when the boron
implants are annealed at 1700oC there is a long diffusion tail. This tail is suspected to
predominantly contain D-centers [15]. This is due to the presence of vacancies due to
implantation damage. The boron forms complexes with these vacancies and so a large
concentration of the D-centers is seen in the tail region. This implanted region also
supports a very fast diffusion mechanism that will be discussed later. All these factors
make boron a suitable dopant that can be used to achieve compensated layers in
devices. Preferentially forming the deep centers without forming the shallow centers
is the challenge. This can be accomplished by different processing techniques like ion
implantation and high temperature annealing. Before the implantation can be done the
epitaxial layer has to be grown on the substrate. The following section explains
methods and conditions of epitaxial growth.

1.8 Epitaxial Growth
Epitaxy is the process of growing a relatively thin layer on an existing
substrate. This growth can be accomplished by various means like Chemical Vapor
Deposition (CVD), Molecular Beam Epitaxy (MBE) or Liquid Phase Epitaxy (LPE).
Generally, the same polytype needs to be grown on the substrate. This is called
homoepitaxy. This can be achieved by a strict control of the growth parameters,
which is not always possible. Step-controlled epitaxy [2] is a good process that
ensures that homoepitaxy takes place. Conventionally, all the wafers are cut
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perpendicular to the c-axis. If the orientation is tilted at an angle and then cut, then
this results in nano-steps on the surface. Growth occurs along these steps thus
ensuring a replication of the stacking order. The advantages are that reproducible
homoepitaxy occurs at temperatures as low as 1400oC to 1500oC. Figure 1.8 is an
example of the step structure of 4H and 6H polytypes.

Figure 1.8: Microsteps of 4H and 6H SiC (After Ref [3])

The growth takes place at the edge of each step. The species diffuse to the
terrace and then move laterally. The species moving left has a greater probability of
sticking to the wall edge and forming a bond. So the steps keep moving to the right
and keep replicating the underlying structure. However this type of growing has
problems associated with it like step bunching [3]. This can happen when the step
velocities of the various growth sites are different.
Conventional doping methods during epitaxy produce a small range of
doping, typically ranging from 2x1016 to 5x1018 for n-type and 2x1016 to 1x1018 for ptype. For practical devices a much better doping range is required. This can be
achieved through site-competition epitaxy. Doping ranges from 1x1014 to greater than
1x1019 have been achieved [4]. The dopants used are nitrogen for n-type and
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aluminum for p-type. The theory behind site competition is that nitrogen atoms
preferentially occupy carbon sites and aluminum atoms occupy silicon sites in the
lattice. Changing the carbon and silicon ratio in the gas mixture can achieve
preferential doping. If the carbon ratio is higher, then less nitrogen and more of Al
will be incorporated. If no p-type dopants are used, then a low background doping
around 1x1014 is achieved. If the carbon ratio is reduced, then high n-type doping
greater than 1x1019 can be achieved.
Epitaxy can be carried out by chemical vapor deposition (CVD). For CVD
there are various types of reactor configurations. There are horizontal [5] and vertical
reactors [6], atmospheric pressure and low pressure reactors, and cold wall and hot
wall reactors. The reactors can be in any combinations of the above. Different
configurations have different advantages and disadvantages. Figure 1.9 shows typical
configurations of horizontal [5] and vertical [6] reactors.

Figure 1.9: Typical horizontal and vertical reactors After Ref ([5] [6])

CHAPTER II
THEORY
2.1 Ion Implantation and Activation
Semiconductors need to be doped to desired levels for desired electrical
properties in devices. In silicon carbide, doping can be done using ion implantation or
during epitaxial growth. Nitrogen and phosphorous are used for n-type doping and
boron and aluminum are used for p-type doping. Vanadium doping is sometimes used
to create semi-insulating layers. Most dopant species have a very low diffusion
coefficient in SiC at temperatures lesser than 1800°C. Diffusion, therefore, is very
slow and thus very limited. So the most popular and practical way of doping SiC after
epitaxial growth is ion implantation.
But ion-implantation has some problems. The damage done to the crystal
while implanting must be repaired. Also the implanted atoms do not initially occupy
the lattice sites. They need to occupy the lattice sites, or they will not contribute to the
free carrier concentration. Annealing at high temperatures can solve both of these
requirements. P-type materials especially need higher temperatures. When the
implanted layer is annealed at a high temperature, the interstitials occupy the lattice
sites.

This

process

is

called

activation.
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structure is also reduced. This depends on the temperature of annealing. As an
example the boron dopant activation vs. temperature of annealing is shown in Figure
2.1. The anneal time is 40 minutes for all temperatures in the figure.

Figure 2.1: Boron Activation in 4H-SiC at different temperatures (After Ref [16])

Figure 2.1 shows that annealing at 1700oC gives activation of around 70% and
at 1750oC gives 90% activation [16]. The time of annealing also plays a major role in
the activation. Annealing for a longer time gives a better activation up to a point.
Figure 2.2 shows the effect of anneal time on the activation. It also shows that an
anneal time of over 40 minutes gives optimum results [16].
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Figure 2.2: Boron activation in 4H-SiC for different anneal times (After Ref [16])

The effect of annealing at different temperatures is also observed elsewhere
[11]. Here, different samples are annealed at different temperatures, and the activation
is measured. The total doping is 1x1019 cm-3 of boron. The results are shown in
Figure 2.3. Total activation occurs at 1720oC.

Figure 2.3: Electrical activation of boron at different temperatures (After Ref [11])

Also, studies have shown the effect of annealing at temperatures higher than
1720oC [11]. It is found that activation increases with increasing temperature. As
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activation increases the resistivity decreases. Figure 2.4 shows the resistivity of
various samples annealed at different temperatures.

Figure 2.4: Resistivity as a function of annealing temperature (After Ref [11])

At temperatures above 1750oC, very low resistive n-type material is formed.
This is explained because there is so much out diffusion of boron that the sample
turns n-type, and the nitrogen concentration dominates. Some literature suggests that
annealing at temperatures above 1800oC removes almost all the damage due to
implantation [17]. But care has to be taken because at high temperatures the out
diffusion of boron can cause a change in conductivity type of the semiconductor at
the surface. Also, at higher temperatures the surface morphology becomes bad
because of surface reconstruction (e.g. step bunching). Annealing and diffusion will
be discussed in the next section.
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Implantation depths are generally simulated using Trim software. Multiple
implantations are generally needed to get the desired profile. Table 2.1 gives the
implantation ranges of boron in silicon carbide for different energies.

Table 2.1
Projected Ranges of Boron in SiC
Ion Energy
10.00 keV
20.00 keV
40.00 keV
50.00 keV
60.00 keV
70.00 keV
80.00 keV
90.00 keV
100.00 keV
130.00 keV
150.00 keV
180.00 keV

Projected Range
262 A
502 A
939 A
1137 A
1326 A
1510 A
1691 A
1868 A
2043 A
2554 A
2884 A
3363 A

Ion Energy
200.00 keV
250.00 keV
300.00 keV
350.00 keV
400.00 keV
450.00 keV
500.00 keV
600.00 keV
700.00 keV
800.00 keV
900.00 keV
1.00 MeV

Projected Range
3669 A
4395 A
5064 A
5682 A
6259 A
6800 A
7312 A
8265 A
9146 A
9977 A
1.08 um
1.15 um

2.2 Diffusion and Annealing
Silicon carbide has the property that the diffusion coefficient of most of the
dopant species is very low at temperatures lower than 1800°C. The only exception is
boron, which can diffuse at lower temperatures mainly because of its much smaller
size. However boron exhibits different diffusion behavior depending on whether it
has been implanted or it has been doped during epitaxial growth. In the case of
implanted boron, the observed diffusivity is much higher. During high temperature

23

annealing there is both diffusion out of the surface and diffusion into the epi-layers.
The out-diffusion causes a lowering of the concentration near the surface. The indiffusion depends on the temperature and duration of annealing. Figure 2.5 shows
typical implanted boron diffusion profiles at different temperatures in n-type material.

Figure 2.5: Typical boron implanted diffusion profile (After Ref [7])
To account for the much faster diffusion in implanted boron the explanation
proposed by Bracht et al. [7] is the kick out mechanism. This diffusion is much faster
than normal diffusion because it is enhanced by Si vacancies. This is supported by the
fact that, if a pre-anneal is done at 900oC, then the diffusion is very much reduced.
This is because Si vacancies are annihilated after an anneal at 900oC [8]. So if a preanneal is done, boron diffusion is suppressed. Also, boron diffusion can be
suppressed by co-implanting carbon along with boron [8]. But the interest in this
work is not in the suppression of this diffusion. The boron diffusion can be modeled
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by two additive diffusion schemes [9]. One is a low concentration, fast diffusing
mechanism and the other is a high concentration, slow diffusing scheme. The high
concentration diffusion can be attributed to boron-related complexes that are stable up
to 1700oC but dissociate at 2050oC. At 2050oC the high concentration diffusion is not
seen. Figure 2.6 clearly shows that there are two clear diffusion mechanisms. In
Figure 2.6 the low concentration diffusion has been fitted with the dotted line. At
temperatures of 1600oC (a) and 1700oC (b) in the figure a high concentration part is
present. At 2050oC (c) only low concentration diffusion takes place because of the
dissociation of complexes.
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Figure 2.6: Diffusion of implanted boron at different temperatures (After Ref [9])

The tail region of the implant diffusion is of importance in this work. This is
because the mechanism of this diffusion is defect enhanced. The D-center is also a
defect related complex. The expectation is to see more D-centers in this region than
shallow boron levels. This tail region has been studied by [15]. The measured DLTS
peak heights suggest that the D-center here is stronger than the shallow boron center.
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Epitaxially doped boron behaves in a very different way. It hardly diffuses at
all. This is because of the absence of the defects and vacancies that enhance this
diffusion. Figure 2.7 shows the diffusion of a buried boron doped epitaxial layer.
Table 2.2 compares the different diffusion coefficients. Table 2.2 shows that the
enhanced diffusion process is much faster than normal diffusion.

Figure 2.7: Diffusion of epitaxially-doped boron (After Ref [9])
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Table 2.2
Comparison of diffusion coefficients for boron (After Ref [9])

Where Deff is the effective diffusion coefficient
Dlit is the diffusion coefficient reported in literature

Annealing at high temperatures is required to activate the dopants and to
repair the lattice damage. Traditionally, anneals are done in H2 or Ar ambient.
However, H2 causes etching on the surface, and so it is not popular. Ar is an inert gas
and can be used as a carrier gas. This works at low temperature anneals, but at higher
temperatures there is a high out-diffusion of silicon from the SiC substrate. This
causes step bunching and surface non-uniformity. To prevent this, a silane ambient is
used [18]. This creates a virtual silicon cap on the surface that has much higher vapor
pressure than the Si in the SiC. This maintains uniformity of the surface. The proper
condition is to maintain a Si overpressure over the substrate at the anneal temperature.
For this condition, the partial pressure of the Si in the gas flow and the Si in the SiC
should be calculated. The gas flow should be then adjusted to maintain an
overpressure of Si at the anneal temperature. Figure 2.8 shows the difference between
a pure argon anneal and an argon and silane mixture anneal. However, for anneals at
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temperatures above 1750°C, even this is not enough. For higher temperature anneals,
protective coating on the sample surfaces are used.

Figure 2.8: Comparison of Argon and silane overpressure anneals

2.3 Diffusion Models
Diffusion in general can be explained by a few simple models. A diffusion
profile is characterized by a constant called a diffusion coefficient and the total time
of diffusion. The diffusion coefficient is a measure of the amount of diffusion taking
place. This increases with the increase of the diffusion temperature. The slope of this
diffusion coefficient when plotted in an Arrhenius plot gives the activation energy of
the diffusion mechanism. The simplest model of diffusion is a gaussian profile. This
kind of profile is usually associated with classical or conventional interstitial
diffusion, though other mechanisms can also cause this type of profile. Diffusion of
boron in SiC exhibits different profiles, which are explained by different mechanisms,
under different conditions.
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Boron in SiC has the largest diffusion coefficient mainly due to its smaller
size, but the value of this diffusion coefficient changes drastically depending on the
conditions. For example, in epitaxially doped boron layers, this value is small. In the
case of implanted boron, this value is up to 200 times larger. Also the diffusion
mechanism is different, as is evident from the different shapes of the profiles. The
conventional diffusion coefficient, which accounts for the interstitial diffusion
mechanism is calculated using Equation 1 [23].

D B = 160 exp(
Where:

DB
k
T

=
=
=

− 5.8eV
)
kT

(1)

Diffusion coefficient of boron
Boltzmann constant
Temperature

In epitaxially doped boron, the mechanism mostly responsible for diffusion is
an interstitial diffusion mechanism. This is because there are not many vacancies or
defects due to the absence of any damage to the material. The profile appears
gaussian as Figure 2.9 shows. Also, the amount of diffusion is small even at the high
temperature of 1900°C. Diffusion is also possible during growth of the epitaxial
layers. However, in undamaged epi, the diffusion would be visible only as a tail.
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Figure 2.9: Boron diffusion in epitaxially doped 4H-SiC (After Ref [23])

When boron is implanted into the epitaxial layers, the amount of diffusion is
much higher. This mechanism is explained by the transient enhanced diffusion
process and defect or vacancy assisted diffusion [9]. This is because much damage is
created during the implantation process and this facilitates the diffusion process. The
diffusion coefficient also depends on the amount of the background concentration. Ptype and n-type doped epitaxial layers behave differently. P-type doped epitaxial
layers exhibit a gaussian profile up to temperatures of 1500°C and thereafter exhibit
an exponential profile as seen in Figure 2.10. The diffusion coefficient is much higher
in this case but decreases as the background doping of aluminum is increased.
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Figure 2.10: Diffusion profiles of boron in p-type implanted 4H-SiC (After Ref [23])

In n-type material the diffusion profile shows an exponential tail region. This
tail can be characterized by two diffusion mechanisms. One is a high concentration
slow diffusing mechanism and the other is a low concentration fast moving
mechanism. The high concentration part forms the exponential region. This is a
transient process assisted by defects and complexes and is not present at higher
temperatures as can be seen from Figure 2.6. At temperatures as high as 2000°C, the
transient process is not observed because of the dissociation of the complexes. Figure
2.6 also shows that the whole tail is made up of two components. The fast component
can be accurately modeled using a gaussian. This gaussian is present at lower
temperatures also, just that it is also superimposed with the transient process. The
diffusion coefficient can be extracted from this distribution by fitting the
concentration profile with Equation 2 [23].
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N ∝ exp(

− x2
)
4 Dt

(2)

Where:
N
x
D
t

=
=
=
=

Concentration
Distance from the source
Diffusion Coefficient
time of diffusion

A typical implanted diffusion in an n-type 4H-SiC is shown in Figure 2.11
[23]. The exponential tail is very much a characteristic of this defect-assisted
diffusion and this mechanism can be identified using this characteristic. At
temperatures from 1600°C to 1800°C where both mechanisms are observed, the data
can still be fitted with a gaussian to the lower part and the diffusion coefficients can
be extracted reliably [9].

Figure 2.11: Diffusion profiles of boron in n-type implanted 4H-SiC (After Ref [23])

CHAPTER III
EXPERIMENTAL SETUP
3.1 Low pressure hot wall reactor
The reactor used for CVD epitaxy and for annealing is a low-pressure hot wall
reactor. The reactor consists of a main chamber, RF generator, gas handling system,
and computer control system. The inner diameter of the main chamber is around 100
mm. The susceptor is manufactured by Bay Carbon, and is made from high purity
graphite coated with SiC. A SiC wafer carrier separates the susceptor from the
substrates. A rigid graphite insulation made by Toyotonso is used around the
susceptor. An Ultimax infrared pyrometer is used to read the backside of the
susceptor, and reports the temperature to the computer control system. A vacuum
pump connects to the chamber and is capable of pressures lower that 0.1 mtorr. The
vacuum pump is used for pumping out gases before runs and also to maintain low
pressure during runs. A 75-KW air-cooled Mesta RF generator is used to inductively
couple RF energy to the susceptor through a copper solenoidal coil surrounding the
tube. The gas handling system consists of a set of Mass Flow Controllers (MFCs) and
check valves. The silicon precursor is a 3% silane (SiH4) / 97% hydrogen (by
volume) mix. The carbon precursor source is a 3% propane (C3H8) / 97% hydrogen
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(by volume) mix. Figure 3.1 shows the schematic of the reactor. All dimensions are in
millimeters. Figure 3.2 shows the reactor in operation.

Figure 3.1: Schematic of low-pressure hot wall reactor

Figure 3.2: Low pressure hot wall reactor in operation
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3.2 Mercury Probe
Most of the basic measurements reported here use the capacitance voltage
(CV) technique on a mercury probe station. Figure 3.3 shows the mercury probe in
action on a glass plate.

Figure 3.3: Mercury Probe Setup

It consists of a chuck with two holes of different sizes. A vacuum pump
pumps mercury to make contact with the surface face down against these two holes.
The smaller hole of 0.457 mm diameter acts as the schottky contact and the larger
hole acts as the ohmic contact. The CV measurements are done by superimposing an
AC signal of very small amplitude onto a DC voltage. The DC voltage is such that the
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schottky junction is reverse biased. The AC voltage causes the depletion width to
oscillate, and a capacitance bridge detects the resulting displacement current. A
Hewlett Packard 4280A capacitance meter operating at 1 MHz is used for most of the
measurements. For multi-frequency measurements the HP 4275A CV meter is used
for a range of frequencies from 20 KHz to 1Mhz. Larger applied reverse bias voltages
result in probing deeper into the samples, so a doping profile versus depth can be
obtained. Simple current voltage (IV) can also be performed using this setup.

3.3 Reactive Ion Etching
An Inductively Coupled Plasma (ICP) etching process was used to etch away
epitaxial layers to expose the underlying implanted and diffused layers. Figure 3.4
gives a basic setup of a reactive ion etching system.

Figure 3.4: Reactive ion etching system
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3.4 Fourier Transform Infrared Reflection Spectroscopy
Fourier Transform Infrared Reflection Spectroscopy (FTIR) is a nondestructive and a non-contact characterization technique. It can be used to extract the
free carrier concentrations from heavily doped substrates and epitaxial layers, but it is
mainly used to extract the thickness of single and multiple epitaxial layers on both
conducting and semi-insulating substrates. FTIR operates on the principle of
constructive and destructive interference of light. The FTIR measurements are made
at room temperature at an incident angle of 47° and the intensity of the reflected light
is detected by the Michelson interferometer. The infrared wavenumber region 6006000 cm-1 is measured at a resolution of 2 cm-1. The experimental reflection spectra
thus obtained is modeled using a computer program where the required parameters
are extracted. Typically for thickness, the region 1000-6000 cm-1 is analyzed and the
interference sinusoidal fringe patterns analyzed with a physical optics model for
destructive and constructive interference. For free carrier concentration estimation,
the wavenumber region 600-1200 cm-1 is modeled using the Lorentz oscillator
models and the effect of interaction of light with the free carriers (drude term).
Figure 3.5 shows the basic FTIR setup.
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Figure 3.5: Basic FTIR setup

3.5 Photoluminescence
Photoluminescence (PL) measurements are made on the samples to detect the
various energy levels in the bandgap specifically to confirm or deny the formation of
the deep levels. PL spectra is analyzed using a SPEX 500M grating spectrometer
coupled with a liquid nitrogen cooled Edinburg Instruments E1-L Ge detector for the
infrared (IR) part of the spectra. A Hamamatsu R928 multi-alkali photo-multiplier
tube (PMT) was used for the visible and the ultraviolet (UV) photoluminescence. To
measure IR photoluminescence, the excitation beam is modulated with a mechanical
chopper, and the PL response is converted by a photo-detector to a signal monitored
with a Stanford Research Systems SR830DSP lock-in amplifier. Visible and UV
photoluminescence are detected using photon counting. Low temperature PL spectra
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is measured by mounting the samples on the cold finger of a variable temperature
liquid He closed cycle cryostat operating in the temperature range between 6.5 and
300 K. To reliably compare the absolute value of PL intensity from different samples,
the closed cycle cryostat is mounted on a stage that allows the moving of the sample
holder, containing a few small samples attached to it, in a plane perpendicular to the
axis of the PL light collection. This arrangement provides a preservation of the optical
adjustment when moving from one sample to another. Figure 3.6 shows the schematic
of the photoluminescence setup.

Figure 3.6: Schematic of the Photoluminescence setup
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 Anneal Temperature Range
Annealing at high temperatures causes degradation of the surface due to out
diffusion of silicon. This prevents subsequent CV measurements on the samples as
very leaky contacts are formed. Some data can still be extracted using SIMS and PL.
However, to maintain measurable surfaces and to make the process suitable for
device applications, some kind of protection scheme is necessary. At temperatures
below 1600°C, pure argon ambient without any protection scheme is sufficient to
maintain the original surface. Above 1600°C, silane ambient annealing is done.
Various samples annealed at different silane flow rates and different temperatures are
tested. An optimum flow rate of 60 sccm was achieved for a particular reactor
configuration. This works by creating a silane overpressure over the sample, which
prevents the out diffusion of silicon. This scheme however fails at temperatures above
1750°C. For temperatures of 1700°C to 1900°C a protective coating is used to
maintain the surfaces. This works perfectly up to 1800°C and surfaces show only a
minor degradation at 1900°C. These experiments resulted in the determination of safe
anneal temperature ranges. Figure 4.1 show two samples before and after 1 hour
1800°C and 2000°C anneals.
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1800°C

2000°C

Figure 4.1: Surface before and after 1800°C and 2000°C anneals
.

4.2 Diffusion from Substrate
The highly doped substrates can be a good source of non-intentionally doped
boron. There is generally much more boron in the substrates than the background
concentration of boron in the epitaxial layers. Sample 00-6H-170 was annealed at an
extremely high temperature of 2000°C in a silane and argon ambient for one hour.
After the anneal, the Secondary Ion Mass Spectroscopy (SIMS) performed is shown
in Figure 4.2. A negligible diffusion tail of boron was observed from the substrate.
However, there is a curvature at the substrate – epitaxial interface that was not present
before annealing. This suggests that there is some diffusion of boron but the diffusion
coefficient is very low even at high temperatures. This is similar to the fact that the
diffusion coefficient of boron is very low in epitaxially doped boron.
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Figure 4.2: SIMS Profile after 2000°C anneal

4.3 Anneal of Epitaxially Doped Boron
A p-type epitaxial layer doped using boron nitride powder was grown on a
batch of samples. Three samples (03-4H-103A, 03-4H-103B and 03-4H-103H) were
chosen to undergo anneals at different temperatures, so changes in doping profiles
could be observed. All samples had a protective coating to prevent surface
degradation at high temperatures.
Sample 03-4H-103A was annealed at a temperature of 1800°C for one hour.
The surface quality showed no change. CV measurements were taken before and after
the anneal. Figure 4.3 shows the CV data before and after annealing. No major
differences were found. The doping profile remains almost the same. Slight variations
are because of the non-homogeneity of the boron concentration across the sample
surface.
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Figure 4.3: CV data of 03-4H-103A before and after a 1 hour 1800°C anneal

Sample 03-4H-103B was annealed at a temperature of 1800°C for three hours.
There was no noticeable change in the surface quality. Slight degradation of reverse
breakdown characteristics did happen. CV measurements were taken before and after
the anneal. Figure 4.4 shows the CV data before and after annealing. Slight changes
in doping were observed but this might be due to slightly different points. No other
major differences were observed.
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Figure 4.4: CV data of 03-4H-103B before and after a 3 hour 1800°C anneal

Sample 03-4H-105H was annealed at a temperature of 1900°C for two hours.
The surface did degrade a bit due to the high temperature, but it was still measurable.
The reverse breakdown voltage decreased after the anneal due to surface degradation.
CV measurements were taken before and after the anneal. Figure 4.5 shows the CV
data before and after annealing. As Figure 4.5 shows, the doping seems to have
increased by an order of magnitude, but the fluctuations are most probably because of
the surface being very leaky. Also, if there is any change in the boron level, i.e.
transfer from the shallow to the deep level, then a decrease in the doping and not an
increase is expected. This suggests that the observed difference is just an artifact due
to the leaky nature of the sample.
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Figure 4.5: CV data of 03-4H-105H before and after a 2 hour 1900°C anneal

The samples also underwent photoluminescence tests both before and after the
anneal. Figure 4.6 shows that the spectra of the BN doped sample before and after
1800°C anneal are identical. A D-center PL is observable, but it is not possible to
separate the contribution from the substrate. No other reliable features are present to
calibrate it for comparison with the substrate or implanted samples. In comparison to
the Q0 peak in Figure 4.7, the D-center PL peak is not stronger than in the implanted
samples after annealing. CV shows that the BN samples are p-type. So, there may be
D-centers, but probably even more shallow boron is present. Also, the anneal did not
create any change in the intensity of the PL peak.
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Figure 4.6: PL spectra of 103B before and after a 3 hour 1800°C anneal

Figure 4.7: Q0 peak in Sample 103B before and after a 3 hour 1800°C anneal

4.4 Anneal of Ion-Implanted Samples
No observable difference was observed after the anneals of epitaxially grown
insitu doped with boron (with the exception of the very leaky sample 105H). So this
work shifted to ion-implanted boron samples. Six samples (02-4H-450D2, 02-4H450D3, 02-4H-450D4, 02-4H-450E2 and 02-4H-450E4) were cut from the same
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wafer with an n-type epitaxial doping of 1.5x1017 cm-3. The CV doping profile is
shown in Figure 4.8. They were ion-implanted with boron according to the
implantation schedule shown in Table 4.1.

Table 4.1
Implant Schedule of Boron
Species: Boron Temperature: RT
Dose (cm-2)
Energy (keV)
14
5.7 x 10
160
3.6 x 1014
115
14
3 x 10
80
Total dose – 1.23 x 1015 (cm-2)

Figure 4.8: Background n-type doping of wafer
This implantation scheme was chosen to give an embedded box profile at a
mean depth of 0.25 microns. This was simulated using TRIM software. The simulated
profile from the implantation schedule is shown in Figure 4.9. After implantation, CV
was done on the samples to check the surface. The surface was heavily damaged due
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to the implantation, and the measured reverse bias characteristics were very leaky, as
expected.

Figure 4.9: Simulated implanted profile using the Table 4.1 Schedule

4.4.1

Anneal at 1500°C
An activation anneal was carried out on two samples (02-4H-450D2 and 02-

4H-450E2) at 1500°C for 30 minutes. The sample was then measured by CV. Figure
4.10 shows the doping extracted from CV. The sample was found to be still n-type.
This shows that 1500°C is not enough for complete activation. There is a dip in the
doping profile that can be because of some boron being activated there. The profile
steadily increases to the background concentration of about 2x1017 cm-3. The SIMS
data confirms the slight diffusion of boron into the epitaxial layer. It shows a
concentration of 1x1017 cm-3 at 0.6 microns. Although only a small fraction (less than
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1%) is activated, this confirms the dip observed in the CV doping profile. Figure 4.11
shows the SIMS profile.

Figure 4.10: Doping profile after 30 minutes 1500°C anneal of D2

Figure 4.11: SIMS profiles of B, Al, Ti and V after 30 minutes 1500°C anneal of D2
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Photoluminescence measurements were done on this sample. The deep center
complex of boron shows up in the PL spectrum as yellow luminescence, typically
between the wavelengths of 5000 A° and 5500 A°. The relative height of the peaks
can give a qualitative measure of the concentration of deep D-centers. Figure 4.12
shows the PL spectra of this sample. The y-axis units are arbitrary PL units. There is
no detectable yellow luminescence or peak near the 5000 A° wavelength. This shows
that the temperature of 1500°C is not enough for creation of the deep D-centers.
Higher temperatures are needed for diffusion, activation and creation of deep Dcenters.

Figure 4.12: PL spectra of D2 after 30 minute 1500°C anneal
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4.4.2

Anneal at 1700°C
Since annealing at 1500°C did not cause significant activation, sample 02-4H-

450D3 was annealed at 1700°C for 1 hour. The sample was then measured by CV.
Figure 4.13 shows the doping extracted from CV. The sample was found to behave
like an n-type material. There is a reduction of concentration towards the surface that
suggests a graded doping profile caused by diffusion of boron into the epitaxial layer.
There is also a spike at the start of the measurement. This is attributed to parasitic
series resistance. The profile increases back to the background concentration of
2x1017 cm-3. Also, the zero bias depletion region is at 0.85 microns.

Figure 4.13: Doping profile after 1 hour 1700°C anneal of D3
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Figure 4.14: SIMS profile after 1 hour 1700°C anneal of D3

Figure 4.14 shows the SIMS profile of the sample D3. The SIMS profile
shows a large redistribution of boron in the sample. The maximum concentration near
the surface decreases from 6.5x1019 cm-3 to about 1x1019 cm-3. There is a large
diffusion of boron into the epitaxial layer. It shows a concentration of 2x1017 cm-3 at 2
microns and 1x1017 cm-3 at 2.6 microns. This large diffusion is probably due to the
transient enhanced diffusion mechanism also called the vacancy-assisted diffusion.
Such a high temperature of 1700°C should cause almost 90 percent activation, but the
sample still measures like an n-type sample under CV. This can be possible only if
there is a very highly doped p-type region near the surface that causes an ohmic
contact with the mercury probe instead of an schottky contact. This would mean that
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the CV is actually measuring a P-N junction capacitance. This assumption was tested
by conducting simulations using the Medici simulation software. A p+n structure was
simulated with the ‘p+’ thickness of 0.3 microns and doping of 1x1018 cm-3 and the
‘n’ doping of 1x1017 cm-3. Both the contacts to this structure were assumed to be
ohmic i.e. very leaky schottky in nature. The CV from this simulation shows similar
characteristics to what was observed experimentally. Figure 4.15 shows the extracted
doping from this simulation. It shows that the n-type doping of 1x1017 cm-3 in the bulk
of the epilayer is accurately measured. The apparent ‘zero bias depletion region’ is
much smaller than the actual junction depth due to the effect of the P-N junction. This
shows that CV measurements done on such a P-N junction still give the doping of the
underlying n-type layer at least for qualitative comparison purposes. The absolute
value of the zero bias depletion region is, of course, not accurate. It gets reduced due
to the effect of the P-N junction. However, it is still valid to qualitatively compare the
depth of the junction in various samples. In the samples, most probably, the schottky
contact has a very high capacitance to the p+ type layer, and thus when it is measured
at forward bias in series with the reverse biased P-N junction capacitance it becomes
negligible. So actually, the P-N junction capacitance is measured. Thus, the sloping
profile measured in the sample actually represents the doping profile near the P-N
junction. To further test this structure, this sample and a normal n-type sample were
put under very high positive bias. This sample showed a strong electroluminescence
further confirming the presence of a P-N junction. A simple n-type sample without
any p-type layer did not show any electroluminescence.
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Figure 4.15: Doping profile extracted from Medici simulations of p+n structure

Photoluminescence measurements were then taken on this sample. Figure 4.16
shows the PL spectra of this sample. The y-axis units are arbitrary PL units. There is a
very large peak between the 5000 A° and 5500 A° wavelengths. The presence of a
peak in this region is indicative of the presence of the D-center. The large height of
the peak suggests that a large number of D-centers have been formed after the anneal.
This shows that annealing of implanted boron at 1700°C causes both activation and
creation of large number of deep levels.
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Figure 4.16: PL spectra of D3 after 1 hour 1700°C anneal

4.4.3

Anneal at 1500°C + Anneal at 1700°C
The sample 02-4H-450E2 was previously annealed with the sample 02-4H-

450D2 at 1500°C for 30 minutes. This did not lead to any changes as measured by
SIMS and PL. This sample was then subjected to a one hour 1700°C anneal. The
doping profile was then measured using CV. Figure 4.17 shows the doping extracted
from CV measurements. The sample behaves like an n-type material, but now it is
suspected that it is actually a p+n structure. The profile is again a sloping profile that
suggests a diffusion tail causing compensation in the material. Also, the zero bias
depletion region is around 1.1 microns, which is larger than that of the D3 sample
(0.85 microns). This means the extra 30 minutes 1500°C anneal did cause more
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diffusion into the sample thus showing up as a larger depletion region. The absolute
value of the depletion width should not be taken quantitatively because of the
influence of the p+n junction. It should be used qualitatively for comparison purposes
only.

Figure 4.17: CV after 30mins 1500°C + 1 hour 1700°C anneal of E2

To verify the previous results, this sample was also subjected to a high
positive bias. Again, strong electro-luminescence was observed that indicated the
presence of a P-N junction. Medici simulations also confirmed that this structure
would produce n-type CV characteristics assuming both mercury probe contacts were
ohmic i.e. leaky schottky contacts. The photoluminescence spectrum is similar to 024H-450D3 and shows a very strong peak between the 5000 A° and 5500 A°
wavelengths. This strong yellow luminescence confirms the large creation of the
boron-related deep levels in this sample. This sample looks similar to sample 02-4H-
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450D3, except that it has slightly more diffusion and a larger zero bias depletion
width.

4.5 Epitaxial growth on Ion-Implanted Sample
Ion-implantation causes damage to the surface of the implanted samples. This
damage can be reduced to a great extend by annealing at elevated temperatures.
However, all the damage is not eliminated. Also boron diffusion and D-center
formation at the surface and not below the p-type implanted region is often desired.
So producing compensation in epitaxially grown layers is much more desirable.
Sample 02-4H-450D4 had been implanted, with the rest of the other samples, with a
high dose of boron. An epitaxial layer was grown on this sample and another control
sample. The growth flow parameters were 80 sccm of silane, 133 sccm of propane, 50
sccm of nitrogen and the carrier gas flow of 12 slm of hydrogen. The growth was
done at 1600°C for 1 hour. After the growth, both of the samples were characterized
using CV. The control sample had a uniform n-type doping of 2x1016. Figure 4.18
shows the CV profile of the control sample.
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Figure 4.18: CV of control sample after epitaxial growth

The CV from the 02-4H-450D4 sample is shown in Figure 4.19. This CV
shows a nn-n+ structure. It shows that the background n-type concentration is still
around 2x1016, as seen between 0.4 microns to 0.6 microns. After that, there is a
steady drop to about 2x1015. After that, at about 1.6 microns there is a steep rise to
about 2x1017, which is the background concentration of the implanted sample. This
kind of capacitance is generally indicative of a p-n junction, but this is not the case
here, as will be seen later. This compensation is because of the diffusion of boron
during the epitaxial growth.
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Figure 4.19: CV of D4 after 1-hour 1600°C epi growth

Photoluminescence measurements were taken from the sample. Figure 4.20
shows the PL spectra. The PL spectra shows a peak between the 5000 A° and 5500
A° wavelengths. However, this peak is not as strong as that of the E2 and D2
samples. This suggests that fewer deep levels were created than after annealing of
implanted samples at 1700°C. This is easily explained by the fact that the epi growth
was done at 1600°C. Therefore, the creation of the D-center is much more efficient at
1700°C.
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Figure 4.20: PL spectra of D4 after 1-hour 1600°C epi growth

Figure 4.21 shows the SIMS profile of the sample D4. This shows that there
has been much boron diffusion into the epitaxial layer during growth itself. Also, it
shows that at 0.6 microns there is a boron concentration of 1.5x1016. A dip in the
concentration in the CV profile is observed at this point. Further down, the amount of
boron increases, thus causing more compensation and the measured doping falls
down to 2x1015. Also, the higher doped implanted epilayer starts from about 1.8
microns.
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Figure 4.21: SIMS profile after 1-hour 1600°C epi growth of D4

The SIMS profile shows a lot of boron diffused. So there is a possibility that
the observed CV data is a p-n junction. To eliminate the possibility of a p-n junction
and also to characterize the underlying compensated epitaxial layer, the sample was
etched in two steps. First, it was etched by 0.6 microns, characterized and then again
etched by 0.4 microns for a total etch of 1 micron. One side of the sample was left
unetched as a reference and for future use. Figure 4.22 shows the CV profile after the
first etch. As the profile shows, the zero bias region starts from the beginning of the
compensated region. The rest of the profile is in agreement with the previously
measured unetched sample. However, due to the non-uniform thickness of the
epitaxial layer, this point was 0.4 microns thicker than the previous measured point.
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This structure is the same as before except it is 0.4 microns deeper. The second etch
was performed to reveal the actual boron rich compensated layer.

Figure 4.22: CV of D4 after a 0.6-micron etch

After the second etch of 0.4 microns, it was found that the grown epitaxial
layer was not uniform in thickness. So both thicker and thinner parts on the surface
were observed. The sample was measured by the FTIR technique to give a rough
estimate of the thickness of the sample. Figure 4.23 shows the estimated thickness (in
microns) across the sample after the 1 micron etch. The shaded portion is the
unetched part and the black dot is the point at which SIMS was done.
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Figure 4.23: FTIR extracted thickness of D4 after 1 micron etch

As can be seen in the thickness diagram, point 3 is the thickest and point 7 is
the thinnest. This accidental variation in thickness gave an opportunity to measure the
material at different depths at the same time. CV was measured for all the points.
Most of the points were fully depleted and probed only the n+ region, but the thickest
points, like points 3 and 6, revealed the low doped compensated layer. Figure 4.24,
Figure 4.25 and Figure 4.26 show the CV profiles of points 3,6 and 7 respectively.
Points 3 and 6 show the compensated layer along with the implanted epi layer. In all
the points compensation can be observed either from 2x1016 to 1x1015 in the grown
epi layer or from 2x1017 to about 6x1016 in the implanted epi layer. The activation of
boron and compensation effects is low because of the relatively lower temperature of
1600°C for growth. Higher temperatures would induce higher activation and
compensation.
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Figure 4.24: CV profile of D4 at point 3

Figure 4.25: CV profile of D4 at point 6
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Figure 4.26: CV profile of D4 at point 7

Photoluminescence measurements were taken at three points on the etched
sample. The three points chosen were the thickest, thinnest and an intermediate point.
Figure 4.27 shows the PL data of these three points. The units for these measurements
are arbitrary PL units. However, for comparison purposes, all the measurements can
be offset by some value so that the constant left peak of all the measurements
coincide. PL does not show any measurable difference upon comparison.
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Figure 4.27: PL spectra of three points on D4 of varying thickness

4.6 Diffusion Profiles
The SIMS data from the various annealing steps show different diffusion
profiles. They are consistent with the diffusion models and profiles discussed in
Section 2.3 Diffusion Models. Table 2.2 shows the previously reported diffusion
coefficients extracted using gaussian fits.
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Figure 4.28 shows the SIMS profile of sample D3 after a 1 hour 1700°C
anneal. It is very evident the profile is an exponential diffusion profile, confirming the
transient enhanced nature of the mechanism. The lower part of the diffusion profile
can be fitted with a gaussian, shown as a dashed line, and the diffusion coefficient is
extracted as 1.2x10-10 cm2/s.

Figure 4.28: Diffusion Profile of Boron after 1 hour 1700°C Anneal

The sample D4, on which the epitaxial layer is grown, has two diffusion
profiles: one into the material, and the other into the growing epitaxial layer. Figure
4.29 shows the diffusion into the material fitted with a gaussian (dashed line). The
diffusion into the material is an exponential kind of profile again suggesting the
transient enhanced nature of the diffusion. Fitting the profile with only a gaussian is
not completely accurate, but it gives an estimate of the diffusion coefficient reliably.
The diffusion coefficient is extracted as 4x10-11 cm2/s.
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Figure 4.29: In-Diffusion Profile of Boron after 1 hour 1600°C Epitaxial growth

Figure 4.30 shows the diffusion profile of boron into the epitaxial layer during
growth fitted with a gaussian (dashed line). This diffusion profile looks completely
different from the other observed diffusions. It seems to have a gaussian shape and is
modeled properly with a gaussian. This suggests a different mechanism consisting
more of interstitial diffusion. The extracted diffusion coefficient is 1.45x10-11 cm2/s.
This value is very large for diffusion into an epitaxial layer. However, the underlying
damaged implanted layer enhances this diffusion. Other mechanisms are also
possible. So this diffusion into the epitaxial layer appears almost as fast as an
implanted diffusion. However, the mechanism is different, resulting in a different
profile. The gaussian nature of the profile suggests that a small interstitial diffusion
mechanism is present. This leads to lesser electrical activation than what is usually
observed in the implanted samples. This is what is observed in this case as the SIMS
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data shows an appreciable amount of diffused boron but type conversion to p-type is
not observed suggesting lesser electrical activation.

Figure 4.30: Out-Diffusion Profile of Boron after 1 hour 1600°C Epitaxial growth

Table 4.2 lists the diffusion coefficients extracted by fitting the diffusion
profiles using the gaussian model of Equation 2. The diffusion coefficient values are
slightly higher compared to reported literature values but seem to be consistent.
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Table 4.2
EXTRACTED DIFFUSION COEEFICIENTS
Type of Anneal

Extracted Diffusion Coefficient
(cm2/s)

1 Hour 1700°C Implanted

1.2x10-10

1 Hour 1600°C Epi Growth (In)

4x10-11

1 Hour 1600°C Epi Growth (Out)

1.45x10-11

4.7 Discussion
Attempts were first made to diffuse boron from the bulk substrates into the
epitaxial layers. But this failed as boron exhibits a very low diffusion coefficient even
at high temperatures from substrates. All that was observed after an anneal at 2000°C
were a rounded knee and negligible diffusion. Boron nitride doped epitaxial layers
were annealed under various conditions at temperatures ranging from 1700°C to
1900°C. No change in the measured doping profile was observed. Photoluminescence
shows a very small peak even after anneals at 1800°C and 1900°C. This is again
because of the low diffusion coefficient of boron in insitu doped epitaxial layers.
Also, the formation of the deep center does not take place because there is no damage
to the layer, i.e. not many vacancies.
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It was in the implanted samples that the most changes were observed. In the
sample annealed at 1500°C, there was no activation of boron, and also there was
absolutely no PL spectra suggesting the presence of the D-center. This suggests that
this center needs much higher temperatures to be created. When the implanted
samples were annealed at 1700°C, a very high PL peak from the deep center was
observed. It also formed a p+n junction that was confirmed using different methods
like simulation and electro-luminescence. Qualitatively, it was confirmed that the
junction moved further into the epitaxial layer for the sample that had an extra anneal
at 1500°C. The amount of diffusion was very large compared to epitaxially doped
boron or the boron from the bulk. This is usually the case in implanted samples
because the diffusion is enhanced (transient enhanced diffusion) by the lattice damage
and the vacancies.
Since the ion-implantation damages the implanted layers, to get a damage free
compensated layer, an n-type epitaxial layer on top of an implanted sample was
grown. Since the growth temperature was 1600°C, there was out-diffusion of boron
and self-doping of the epitaxial layer near to the interface. Capacitance Voltage
measurements showed a compensated nn-n+ structure. The n- region was caused by
the compensation effect of the diffused boron into the newly grown epitaxial layer.
This compensation effect causes the lowering of the doping concentration from a
background value of 2x1016 cm-3 to almost 1x1015 cm-3. PL spectra show that there is
a considerable concentration of the deep centers, although it is lesser than the amount
present in the sample that was annealed at 1700°C. This can be explained by the fact
that the growth temperature was 1600°C, and also the boron was diffusing into a
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growing epitaxial layer. A considerable amount of diffusion was observed into this
epitaxial layer during growth. This amount is much larger than diffusion in epitaxial
layers. This shows that the vacancy related defects also diffuse into the growing
epitaxial layer and cause enhanced diffusion in this layer. The diffusion mechanism
exhibited an interstitial nature, thus leading to lesser electrical activation and lesser
creation of the deep levels. Further annealing at higher temperatures could increase
the rate of creation of deep levels and lead to higher compensation.
Figure 4.31 shows the comparison of the PL spectra of the three samples D2,
D3 and D4. The spectra are normalized by the intensity of the aluminum-nitrogen
donor-to-acceptor pairs (Al-N DAP) broad peak. This intensity is expected to depend
the least on the process conditions. The D2 sample that was annealed at 1500°C
shows nothing between the 5000 A° and 5500 A° wavelengths. The 1600°C epi
grown sample displays a definite peak in this range. The sample annealed at 1700°C
shows the largest peak. The yellow broad peak is believed to be due to N-B DAP with
boron being the deep (D) center. It is obviously higher after high temperature
annealing. It is also rather strong in the epi-overgrown sample, and it is likely that a
significant part of this signal comes from D-centers in the epi layers. So it can be
qualitatively said that there are no d-centers formed at 1500°C, the highest formation
is at 1700°C and an intermediate amount of formation at 1600°C. This shows a clear
dependence of the formation rate with temperature. Figure 4.32 is the magnified part
of the spectrum showing three lines of the DI defect. It is a lattice damage related
complex and is stronger after higher temperature annealing because this complex
requires annealing after implantation in order to be created. It is weaker in the
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epitaxial sample because the epi does not have this defect, and it comes only from the
implanted region below the epi.

Figure 4.31: Comparison of PL spectra of D2, D3 and D4

Figure 4.32: Comparison of DI defect in D2, D3 and D4
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The sample with the grown epi was etched to probe the material underneath.
Subsequent CV measurements confirmed the compensation as real and not an artifact
of a p-n junction. The etching revealed points of different thickness and the PL data
on these points show no definite differences. Since the temperature of epi growth is
comparatively less at 1600°C, very few D-centers are expected to be present in the
etched away portions.

CHAPTER V
CONCLUSIONS AND FUTURE WORK

5.1 Conclusions
During the course of this research, the effect of high temperature on the
various types of boron-doped samples was studied. The specific goal of this research
was to preferentially create the deep level of boron or to convert some of the shallow
levels to the deep level. Experiments were done to refine the high temperature anneal
process while preserving the surface of the samples. Process development was done
to validate the temperature ranges for high temperature anneals using both silane
ambient and also using protective coating. Experiments done on boron in the bulk and
epitaxially doped boron yielded no results. The results showed even extremely high
temperatures of up to 2000°C did not cause significant change or diffusion of boron
from the bulk substrates. For the epitaxially doped boron again the anneals performed
at various temperatures up to 1900°C did not cause a change in the doping profile. A
slight photoluminescence was observed, but that was too low to cause anything
significant. High temperature anneals did not cause a conversion of shallow levels
to deep levels of boron in bulk and epitaxial layers. This is in agreement with the low
diffusion coefficient and zero observable diffusion of boron at these temperatures.
75
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In the implanted samples, there were many changes due to high temperature
anneals. Anneals at 1500°C emitted no luminescence; while higher temperature
anneals at 1700°C emitted very high D-center luminescence. Also, very high
diffusion was observed confirming the defect-enhanced nature of boron diffusion.
The epitaxial layer grown on top of an implanted sample showed much diffusion due
to the defects also diffusing during growth and also due to self-doping mechanism
during growth. A compensated n- layer was observed due to this diffusion lowering
the free carrier concentration from 2x1016 cm-3 to almost 1x1015 cm-3. This was not as
low as expected probably because of lesser amount of D-centers due to lesser
temperature of 1600°C. The photoluminescence spectra also show a moderate Dcenter luminescence. As the growth was done at 1600°C, this shows a direct
temperature dependence of the D-center formation in implanted samples. The various
diffusion profiles were modeled and the diffusion coefficients extracted with
reasonable accuracy. The change in the diffusion mechanism explains the reduced
electrical activation in the epitaxial layer. After the sample was etched, PL spectra at
different depths were unable to show any changes, suggesting that the D-center
concentration, if formed or diffused into the etched epitaxial layer, was too low to be
reliably detected using PL. As a result, both D-center formation and compensated
layers were observed and studied during the experiments performed. Using higher
temperatures for growth and annealing could possibly increase the degree of
compensation and formation of the deep levels.
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5.2 Future Work
Though compensation was observed in the epitaxial layer, it did not achieve
what was desired. Annealing the epitaxially overgrown implanted sample at higher
temperatures might create more deep levels and thus cause closer compensation.
Also, none of the annealed implanted samples were etched. Etching away the
implanted layer would bring the boron diffusion tail to the surface. If done carefully,
the etching would leave a thin p-type material on the surface thus leaving a p-n
junction. Schottky DLTS can then be used to give a quantitative estimate of the
concentration of deep levels present. Also, growth of the epitaxial layer could be
attempted at higher temperature and thus produce greater diffusion and creation of the
deep levels. Also, and more importantly, a fundamental understanding of the physics
behind the formation of the deep levels needs to be developed.

REFERENCES

[1]

Thermodynamic considerations of the epitaxial growth of SiC Polytypes:
Andreas Fissel. Journal of Crystal Growth 212(2000) 438-450

[2]

Step controlled epitaxial growth of SiC: Matsunami, Kimoto. Material
Science and Engineering, R20, N3, 1997, 125-166

[3]

Step bunching mechanism in CVD: Kimoto, Itoh, Matsunami, Okano.
Journal of Applied Physics 81 (N8) 15 April 1997 3494-3500

[4]

Site-Competition epitaxy for superior SiC electronics: Larkin, Neudeck,
Powel, Matus. Applied Physics Letters, 65, N13, 1994, 1659-1661

[5]

Step-Controlled Epitaxial Growth of High-Quality SiC Layers: T. Kimoto,
A. Itoh, H. Matsunami. Physica Status Solidi (b) 202, 247-262 (1997)

[6]

Epitaxial growth of SiC in a chimney CVD reactor: A. Ellison, J. Zhang, A.
Henry, E. Janzen. Journal of Crystal Growth 236 (2002) 225-238

[7]

Diffusion of boron in silicon carbide- Evidence for the kick-out mechanism:
H. Bracht, N. A. Stolwijk, M. Laube, G. Pensl. Applied Physics Letters,
Volume 77, Number 20, 2000, 3188-3190

[8]

Suppressed diffusion of implanted boron in 4H–SiC: M. Laube, G. Pensl, H.
Itoh. Applied Physics Letters, Volume 74, Number 16, 1999, 2292-2294

[9]

Transient enhanced diffusion of implanted boron in 4H-silicon carbide: M.
S. Janson, M. K. Linnarsson, A. Hallen, B. G. Svensson, N. Nordell, H.
Bleichner. Applied Physics Letters, Volume 76, Number 11, 2000, 14341436

[10]

Effect of boron diffusion on the high-voltage behavior of 6H-SiC p+nn+
structures: S. Ortolland, C. Raynaud, J. P. Chante, M. L. Locatelli, A. A.
Lebedev, A. N. Andreev, N. S. Savkina, V. E. Chelnokov, M. G.
Rastegaeva, A. L. Syrkin. Journal of Applied Physics, 80 (9), 1996, 54645468

[11]

Doping of SiC by Implantation of Boron and Aluminum: Troffer, Itoh,
Pensl. Physica Status Solidi (a) 162, 277-298, 1997

78

79

[12]

Incorporation of the D-Center in SiC Controlled by Co-implantation or site
competition epitaxy: Frank, Troffer, Pensl, Nordell, Karlson, Schoner.
Materials Science Forum, Vols 264-268, 1998, 681-684.

[13]

Boron Related Deep Centers in 6H-SiC: Suttorp, Pensl, Laing. Applied
Physics A, 51, 1990, 231-237.

[14]

Characteristics of Boron in 4H-SiC Layers produced by High Temperature
Techniques: Yakimova, Janzen. Materials Science Forum, Vols 389-393,
2002, 259-262.

[15]

Deep Level traps in the extended tail region of Boron implanted n-type 6HSiC: Gong, Reddy, Beling, Fung, Brauer, Wirth, Skorupa. Applied Physics
Letters, Vol 72, N21, 1998, 2739-2741

[16]

Dopant Activation and Surface Morphology of Ion Implanted 4H- and 6HSilicon Carbide: M. A. Capano, S-H. Ryu, M. R. Melloch, J. A. Cooper, Jr.
Journal of Electronic Materials, Vol. 27, p.370, 1998

[17]

Annealing and re-crystallization of amorphous silicon carbide produced by
ion-implantation. A.Hofgen V.Heera F.Eichhorn W.Skorupa, JAP, V84 N9
1998, P4769-4774

[18]

High temperature Implant Activation in 4H and 6H SiC in a Silane Ambient
to reduce step bunching: Saddow, Williams, Smith, Capano, Cooper,
Mazzola, Hsieh, Casady. Materials Science Forum, Vols 338-342, 2000,
901-904

[19]

Implant Annealing of SiC in a Silane Ambient: Vivek Kumar, MS Thesis,
MSU, May 2001

[20]

Principles of semiconductor devices: B. Van Zeghbroeck

[21]

On the compensation mechanism in high Resistivity 6H-Sic doped with
Vanadium: Jenny, Skowronski, Mitchel, Hobgood, Glass, Augustine,
Hopkins. Journal of Applied Physics, 78(6), 1995

[22]

Doping of Silicon Carbide by diffusion of Boron and Aluminum: Ying Gao,
MS Thesis, 1995

[23]

Aluminum and Boron diffusion in 4H-SiC: Linnarson, Janson, Schoner,
Svensson. Material Research Society Symposium Proceedings, Vol 742,
K6.1.1, 2003

